The teleost fish embryo is particularly sensitive to petroleum hydrocarbons (polycyclic aromatic hydrocarbons, PAHs) at two distinct stages of development. The first is early during cleavage stages when PAHs alter normal signaling associated with establishment of the dorsal-ventral axis. This disruption involves the Wnt/β-catenin pathway and results in hyperdorsalized embryos that do not survive to hatching. The second, more sensitive period is during heart development, when oil and PAHs cause abnormal development of the heart as well as cardiac edema and arrhythmia. Even at extremely low levels (ng/L), PAHs cause subtle edema and altered contractility and heart rate, which impair swimming performance. Some PAHs are extremely phototoxic, such that exposures to trace concentrations result in severe membrane damage and mortality in sunlight. The developing fish embryo is a sensitive indicator of petroleum constituents in the environment, and healthy populations of fish likely require limited PAH exposure during development.
INTRODUCTION
A wide variety of fish species have served as sensitive indicators of environmental health and as models of human disease (1, 2) . Fish share a high degree of sequence and functional homology with other vertebrates, including mammals, making them useful for understanding the cellular and molecular mechanisms of disease and toxicant action. Furthermore, many species of fish are ecologically and economically important. Understanding anthropogenic impacts on fish can enable reliable predictions about environmental health and fishery productivity (3) .
The early life stages can be exquisitely sensitive to the toxic effects of xenobiotics, despite embryonic defenses. Because many fish species can produce large numbers of embryos, early development in fish has become a convenient and powerful model in medical, toxicological, and ecotoxicological studies. The complex and intricate processes of early development are often sensitive targets for disruption by chemical pollutants. Some of these targets are unique to fish (e.g., fertilization via a micropyle), whereas others are more broadly conserved through evolution (e.g., Wnt/β-catenin signaling to designate the embryonic axis).
Development begins with fertilization. The oocytes of fish are surrounded by a tough and complex membrane that prevents the penetration of sperm; spermatozoa gain access only via a canal-like structure called a micropyle. The micropyle, although found in plants and insects, is unique to teleosts among vertebrates (4) . After fertilization, the chorion hardens, providing protection during embryo development. The chorion is a noncellular, proteinaceous barrier that displays variation in pore size and thickness between species. For example, the zebrafish chorion is relatively permeable. It is 1.5-3.5 μm thick and has pore canals that are 0.5-0.7 μm in diameter (5, 6) . In contrast, the Pacific herring chorion is 17.7 μm thick (7) and is tough enough to allow herring embryos to withstand periods of desiccation (8) . Following fertilization, a series of rapid cell divisions occur during the cleavage stage. The blastomeres divide atop a dense yolk, undergoing discoidal, meroblastic cleavage that is typical of fish, reptiles, and birds. During the cleavage and early blastula stages of many fish species, the embryo relies primarily on maternal mRNA as well as protein stored during oogenesis. At the mid-blastula transition, the cell cycle lengthens, and the embryo initiates large-scale de novo transcription from the embryonic genome (9) . A complex orchestration of cell movements and differentiation occurs at gastrulation, guided by conserved cell signaling pathways. The chorion is eventually softened by proteolytic metalloprotease enzymes to allow hatching of the larva (10) .
oil (17, 18) . It is now appreciated that the PAHs, and perhaps other soluble constituents, are responsible for developmental toxicity (19, 20) . Previous to the EVOS, laboratory tests indicated that ∼1 mg/L of aromatic hydrocarbons dissolved in water from fresh oil were toxic to juvenile fish (21) . The majority of this lethal toxicity was due to the volatile PAHs, such as benzene, toluene, ethylbenzene, and xylene, which were prevalent in the first weeks of a spill and resulted in an obvious narcosis (16) . As such, safety standards prior to the EVOS were considered highly protective in the United States at 15 μg/L (21) . Subsequent laboratory studies showed that very low μg/L or even ng/L levels of PAHs caused developmental abnormalities in fish, and the threeto five-ringed hydrocarbons were found responsible, rather than the volatile lower molecular weight compounds (16, 21, 22) . Effects on fish embryo development by aqueous PAHs have been observed since the late 1990s (11, (23) (24) (25) , and it is now established that low levels of PAHs cause cardiac defects during critical stages of teleost fish development (12, 20, 22, 26, 27) .
EARLY DEVELOPMENTAL EFFECTS: EMBRYONIC AXIS DISRUPTION
As discussed later in this review, the majority of the described effects of PAHs emerge during late embryonic and larval development and beyond. However, PAHs have also been shown to target a specific signaling pathway during a much narrower window of development. PAHs and dibutyl phthalate disrupt canonical Wnt/β-catenin signaling during dorsal-ventral axis determination, a unique mechanism of action for these contaminants (28) .
The establishment of the embryonic axis is a critical process during the early development of fish and other metazoan embryos. Early in development, the canonical Wnt/β-catenin signaling pathway designates the dorsal-ventral axis in fish. The Wnt/β-catenin pathway plays a major role in anterior-posterior axis designation as well and is highly conserved through evolution (29) (30) (31) . Prior to the mid-blastula transition in fish, regulation of maternal β-catenin by glycogen synthase kinase-3β (GSK-3β) mediates the formation of dorsal signaling centers and thereby plays a critical role in dorsal-ventral axis formation. Inhibition of GSK-3β allows for the accumulation of β-catenin in the cytoplasm and subsequent translocation into the nucleus. β-Catenin, acting as a transcriptional coactivator, activates expression of dorsal-related genes. In zebrafish embryos, the asymmetrical accumulation of β-catenin in nuclei at the blastula stage precedes the primary morphological asymmetry, the embryonic shield, which marks the dorsal side of the embryo (32) (33) (34) .
Zebrafish embryos exposed to PAHs or dibutyl phthalate from the cleavage stage to the midblastula transition display morphological abnormalities during later stages of development that resemble embryos exposed to LiCl (Figure 1) , a known inhibitor of GSK-3β and disrupter of dorsal-ventral axis specification (28, 35, 36) . Furthermore, PAHs and dibutyl phthalate, as well as LiCl and other commercially available GSK-3β inhibitors, caused an increase in the levels of nuclear β-catenin throughout the embryo and/or in the yolk syncytial layer, suggesting that the morphological abnormalities are a result of disruption of Wnt/β-catenin signaling during dorsalventral axis specification (28) . Homologous effects of PAHs on axis determination have been observed in sea urchins (37) and Pacific herring (Figure 1) , demonstrating a unique mechanism of action for PAHs and suggesting that PAHs can target the conserved Wnt/β-catenin signaling pathway across phyla.
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Figure 1
Zebrafish and Pacific herring embryos exposed to the polycyclic aromatic hydrocarbon phenanthrene or LiCl (a well-known disruptor of dorsal-ventral axis specification). Zebrafish [12.5 h postfertilization (hpf )] and herring (35 hpf ) are in the segmentation period of development. Zebrafish embryos were exposed to 300 mM of LiCl for 10 min at the blastula stage or 5 μM (∼890 μg/L) of phenanthrene for 3 h (cleavage to blastula stage) and then washed. Herring embryos were exposed to 100 mM of LiCl or 30 μM (∼5.3 mg/L) of phenanthrene for 8 h (cleavage to blastula stage) and then washed. Images captured by E. Fairbairn.
(Menidia) (38) , salmon (17) , Pacific herring (24, 39, 40) , killifish (Fundulus species) (41), tunas (26) , sea bass (42), flounder (42), and mahi-mahi (also known as dorado) (43) (Figure 2 ). Sublethal developmental defects from PAHs and water-soluble oil exposure were initially observed in Pacific herring following the EVOS (44, 45). Not only was cardiac edema noted, but yolk sac edema, spinal abnormalities, and jaw malformations were described. Middaugh and colleagues (46) also reported pericardial edema and jaw and spinal abnormalities in Pacific herring larvae following exposure to Alaska North Slope crude oil. Similar findings were reported by Vines et al. (24) , who studied petroleum-based tar creosote used to preserve wooden pier pilings where herring embryos adhered to the decades-old pilings in San Francisco Bay; these studies took place both in the laboratory and in the field. Although most piling-adhering embryos failed to develop, the very low numbers of larvae that hatched and the larger number that hatched at a distance from the piling wood showed pericardial edema as well as spinal deformities and abnormal jaw development. This study was the first to report that the larval heartbeats of fish embryos exposed to petroleum hydrocarbons were irregular and severe arrhythmia was common. Incardona and colleagues have investigated PAHs and their mechanism of impact on cardiac development and function in a variety of teleost fish embryos. They first reported in zebrafish (11) that three-ringed PAHs (fluorene, dibenzothiophene, and phenanthrene) showed very specific Polycyclic aromatic hydrocarbons (PAHs) derived from crude oils from different sources worldwide cause a consistent cardiac injury phenotype across a diversity of species. All images are hatching-stage larvae (a, c-e) or late embryos (b) exposed to crude oil shortly after fertilization, with representative controls (left column) and oil-exposed specimens (right column). From Scholz & Incardona (20) . This figure has been modified with the kind permission of J. Incardona. Images captured from single frames from videos of Pacific herring (Clupea pallasii ) embryos exposed (from fertilization to 7 days postfertilization) to water passing over either (a) nonoiled gravel or (b) gravel coated with Alaska North Slope crude oil (1.5 g of oil per kg of gravel). The hearts are clearly different with respect to size and normal looping of the ventricle. Pericardial edema (blue circle) is obvious in the oil-exposed embryo. Tissue polycyclic aromatic hydrocarbons for the oil-exposed embryos were 3,000 ng/g wet weight (22) . Images and videos provided by J. Incardona. To view the video, access this article on the Annual Reviews website at http://www.annualreviews.org.
toxicities that included dorsal curvature and reduction in head development. Phenanthrene and dibenzothiophene showed severe pericardial and yolk sac edema, with pyrene and fluorene showing similar but less severe effects. Using video microscopy, they showed that the arrhythmia that results from three-ringed PAH exposure is characteristic of atrioventricular conduction block (11) (Figure 3) . Furthermore, the deformities observed that have been associated with pericardial edema were apparently a result of abnormal cardiac function. This was determined using the zebrafish mutant silent heart (sih), which has reduced expression of cardiac troponin T; these mutants show defects identical to those observed in three-ring PAH exposures. Furthermore, targeted knockdown (sih morpholino injection of embryos) of cardiac troponin T expression has an almost identical effect as the sih mutant or PAHs. These cardiac effects of individual PAHs on tropical freshwater fish, such as zebrafish, were similar to what had been reported for Pacific herring embryos exposed to tar creosote (24) and were later confirmed in herring embryos exposed to Alaska North Slope crude oil (22) . Furthermore, herring embryos exposed for a short time interval (<24 h) between 7 and 8 days of development (after cardiac development is complete but several days prior to hatching) exhibited reduced heart rate, suggesting a direct physiological effect of PAHs in addition to developmental impacts on heart formation (22) . Different PAH structures are variably responsible for different aspects of this developmental syndrome. The three-ringed PAHs appear more strongly associated with cardiovascular developmental phenotypes than two-or four-ringed structures. Consistent with this, weathering of oil shifts the chemical composition from two-to three-ringed structures, which is accompanied by increasing toxicity (23) . Similarly, mixtures of PAHs that simulate more weathered oil, containing a higher proportion of three-ringed structures, also caused more severe developmental toxicity similar to that caused by phenanthrene (a three-ringed PAH) alone (11) . These studies indicate Gene knockdown rescues from toxicity = gene mediates toxicity
Gene knockdown provides NO rescue from, or exacerbation of, toxicity = gene not involved in toxicity
Gene knockdown exacerbates toxicity = gene ameliorates toxicity
Figure 4
Different polycyclic aromatic hydrocarbons (PAHs) exert developmental toxicity through aryl hydrocarbon receptor (AHR)-dependent and AHR-independent mechanisms. Summarized here are results from morpholino knockdown studies indicating the roles of various molecules in the AHR signaling pathway in mediating or protecting from PAH toxicity. Fish have three to four paralogs of AHR depending on species (AHR1a, AHR1b, AHR2a, AHR2b). Some studies have knocked down specific paralogs, though a complete evaluation of the roles of each paralog remains to be completed. CYP1A and CYP1B are phase I metabolism genes, and GST is a phase II metabolism gene, transcriptionally activated by ligand-bound AHR.
that different PAHs act through different molecular pathways. Indeed, morpholino knockdown studies indicate that some PAHs exert developmental toxicity mediated through aryl hydrocarbon receptor (AHR) activation (e.g., four-ringed structures), whereas others, in particular the three-ringed compounds and weathered crude oil, induce cardiovascular system developmental toxicity through mechanisms independent of AHR signaling (25) . Five-ringed structures can also act through either AHR-dependent or AHR-independent mechanisms to induce cardiovascular developmental toxicity (47). A summary of morpholino knockdown studies, and AHR dependency of different PAHs, is provided in Figure 4 . These studies indicate that, as oil weathers, the molecular mechanisms that mediate toxicity, and the emergent phenotypes, will change. Though teratogenic PAHs tend to bind and induce AHR, resulting in upregulation of proteins, including CYP1A, only some of the PAHs that cause teratogenicity do so through the AHR pathway. As such, activation of the AHR pathway, for example, as evidenced by CYP1A upregulation, may be a reliable indicator of exposure to PAHs, but AHR activation may not be a reliable indicator of developmental toxicity. What is known, then, of the pathways that are responsible for AHR-independent PAH cardiotoxicity? Drugs that interfere with repolarization in the zebrafish heart induce similar developmental abnormalities as those caused by the three-ringed PAHs (48), which suggests a mechanism associated with disruption of voltage-gated potassium channel function (11) . The physiological mechanisms of oil PAHs on cardiac excitation-contraction coupling in fish have been studied in depth by Brette and colleagues (49). Using electrophysiology (patch clamp) and Ca 2+ imaging, they showed that cardiomyocytes isolated from bluefin and yellowfin tunas exposed to crude oil blocked the delayed rectifier potassium current and decreased both the Ca 2+ current and Ca 2+ cycling, which disrupts excitation-contraction coupling. This study confirmed previous studies showing a direct effect (probably a physiological disruption) of oil on cardiac function and the cellular basis for alteration of atrioventricular contractions. Detailed electrophysiological studies of excitation-contraction coupling in isolated fish (bluefin and yellowfin tuna) cardiomyocytes are consistent with this; oil exposure caused a lengthening of the action potential duration, which coincided with alterations of potassium current that are consistent with inward-rectifying potassium channel blockade (49).
Exposures altering calcium currents are consistent with disruption of calcium-dependent calcium release from internal stores, possibly through disruption of ryanodine receptors. These impairments of excitation-contraction coupling were more severe in more heavily weathered oils (49). Because phenanthrene increased with weathering, and phenanthrene cardiotoxicity is AHR independent, this suggests that disruption of excitation-contraction coupling may be one aspect of an AHR-independent mechanism of PAH developmental toxicity.
Potential Population Impacts
Severe cardiac defects induced in developing fish embryos are almost always lethal. However, very low levels of exposure, similar to levels that may persist in the environment for some time after an oil spill, may cause subtle abnormalities during development that are not lethal but may manifest as performance impairments later in life. Recent experiments with multiple species now support this prediction. In developing zebrafish, transient exposure to oil prior to hatch, with total PAH concentrations ∼30 μg/L, was insufficient to cause any observable cardiac (or other) toxicity in a large fraction of fish at hatch (50). Those fish were then grown for nearly a year in clean water to adulthood. Strikingly, those fish exhibited altered heart morphology, which correlated with compromised swimming performance. Similar experiments have been repeated in developing pink salmon, herring, and mahi-mahi. Transient exposures during early embryonic development to total PAH concentrations below 10 μg/L, and as low as 0.2 μg/L, have been sufficient to compromise swimming performance at juvenile stages many weeks or months after exposure (12, 43) . These performance impacts correlate with specific heart morphology defects (12) . Furthermore, transient exposures even posthatch can result in similar performance impacts at slightly higher, but still environmentally realistic, concentrations (30 μg/L) (43). The concentrations of water-soluble PAHs (low μg/L or high ng/L) that cause these delayed impacts are environmentally relevant. For example, nearly half of the water samples collected during the 1989 herring spawning season in the region of the EVOS had total PAH concentrations exceeding those that cause this delayed cardiotoxicity (12) . Impacts on swim performance are likely to impact organismal fitness as they may manifest as compromised abilities to migrate, forage, or evade predators (51). As such, these types of subtle but important impacts following low levels of transient exposure during critical life stages could explain reduced long-term survival of fish following an oil spill (52).
The impacts of oil/PAH exposure during cardiogenesis in fish are quite pronounced, as described above, and result in an abnormal myocardium and ventricle shape. The length of the bulbus arteriosis is reduced by oil exposure in both salmon and Pacific herring (12) , with ventricles being enlarged. Furthermore, cardiomyocytes show greater diameters than in control hearts. In Prince William Sound, the Pacific herring population collapsed four years following the spill, which occurred just before the spring spawning in 1989. The herring population has not recovered since, and the commercial fishery has never reopened following the collapse. A retrospective study (12) of PAH concentrations in Prince William Sound from water sampling near sites where herring egg deposition occurred showed 46% of the sites had PAH levels between 1-10 μg/L, with two
In linking very-low-level oil/PAH exposure, cardiotoxicity, and population-level impacts, Incardona and colleagues (12) have developed a compelling hypothesis that may explain the herring population collapse four years after the EVOS. PAHs clearly induce both developmental abnormalities and direct electrophysiological dysfunction. Both juvenile and adult salmon and herring exposed to low levels of oil PAHs during development show more rounded ventricles than control fish and poor swimming performance associated with changes in respiration rates (12) . Furthermore, poor swimming performance may be associated with poor prey capture and predator avoidance and disease susceptibility. The 1989 Prince William Sound herring year class were exposed to PAHs at sufficient concentrations for abnormal cardiogenesis to be an issue, yet without obvious mortalities at the time (12) 
The above studies indicate that exposures to oil during development can cause severe cardiovascular developmental abnormalities, but at very low doses exposures can cause subtle impacts that do not emerge to affect observable animal performance until later in life. It is therefore reasonable to predict that other subtle developmental abnormalities may contribute to latent fitness impacts. For example, PAHs can cause severe jaw malformations during embryogenesis, which are correlated with an inability to initiate feeding after hatch (53). Trace oil exposures could cause more subtle impacts on jaw structure that may impact feeding efficiency in juveniles or adults. At this point, the emergence of such additional subtle but potentially important impacts remains to be carefully tested. Crude oil is known to affect other phenotypes in adult fish, such as immune function (54) and endocrine function (55), though it is currently unclear if exposure during early life has chronic impacts on disease sensitivity or hormone activities. Because chemical exposures have potential to disrupt epigenetic programming during early embryogenesis (56), further research on physiological, morphological, or behavioral impacts following oil exposures that may emerge later in life, and perhaps be transmitted across generations, merits much more attention.
Phototoxicity
Crude oil and bunker fuel oil are known to be phototoxic from laboratory studies. Ultraviolet (UV)-enhanced toxicity has been known for some time for a select group of PAHs (57-61). Typically, PAHs at concentrations that are nontoxic in the absence of UV light become acutely toxic in the presence of UV illumination (sunlight). This photosensitization has been ascribed to the generation of reactive oxygen species causing membrane damage. The most phototoxic PAHs are known to be anthracene, fluoranthene, and pyrene. However, the ecological relevance of phototoxicity had been questioned (62) based on avoidance behavior and penetration of UV light in turbid coastal waters.
During the Cosco Busan fuel oil spill in the San Francisco Bay in 2007, herring spawned at intertidal sites that had been very lightly oiled (40). The same large schools of herring spawned several months following the spill (November 2007) at identical tidal heights in both previously oiled and nonoiled sites. Embryos collected from these sites were returned to the laboratory two days prior to hatching to evaluate development (cardiotoxicity) and hatching success as well as larval morphology. Embryos collected from oiled sites showed extremely high rates of mortality, with essentially no live larvae hatched from two of the three oiled sites, whereas reference sites in the estuary showed a 71% normal hatching rate. The embryos from the oiled sites showed massive cytolysis and necrosis, with many embryos ceasing development (40). Embryo tissue from the oiled sites showed PAHs and chemical signatures associated with the fuel oil #6 that was spilled. Furthermore, by 2010, these same sites had spawns once again, and the embryos from those sites returned to the typical >80% normal development. Finally, outplanted embryos at these same oiled and nonoiled sites were placed in cages in the subtidal region (1-2 m in depth) where UV light did not reach them. The outplanted embryos from the oiled sites showed typical cardiac edema and altered heartbeat compared with nonoiled reference sites; however, no signs of necrosis and cytolysis were observed, as the cages and their depth limited sunlight exposure. The naturally spawned embryos at the same locations showed extreme phototoxicity owing to their intertidal location, where sunlight was plentiful (40). A mesocosm study with herring examining the phototoxicity of bunker fuel and Alaska North Slope crude oil clearly demonstrated that the effects observed in the field with natural spawns at oiled sites could be reproduced in mesocosm studies when UV light was present (63) .
These studies indicate that for transparent embryos in shallow waters, exposure to very low, nontoxic levels of oil or PAHs, such as fluoranthrene and pyrene, can result in severe mortality in the presence of sunlight where UV can penetrate the surface waters. This fact changes the safe levels of PAHs in water to levels at or below those where cardiotoxicity may be observed.
DEFENSES
Adult fish are capable of detecting and avoiding PAHs. However, these responses appear only at relatively high PAH concentrations, such that avoidance behavior likely provides little protection (64) (65) (66) (67) , and avoidance behaviors are not available to embryos. As such, other defenses play critical roles during embryonic development.
Metabolism
PAHs are primarily metabolized by hydroxylation followed by conjugation to enhance water solubility and promote excretion. Cytochrome P450s are responsible for hydroxylation reactions (phase I metabolism), whereas conjugation reactions (phase II metabolism) are carried out, for example, by sulfotransferases, UDP-glucuronosyltransferases, and glutathione transferases. Activation of these metabolic pathways is typically mediated by hydrocarbon binding to the cytosolic AHR. Ligand-bound AHR translocates to the nucleus and activates the transcription of many genes, including phase I and phase II metabolism genes, among which the most strongly upregulated is CYP1A, which is responsible for the first step (hydroxylation) in PAH metabolism. Metabolism of most PAHs is mediated through activation of this pathway. Additionally, some PAHs exert toxicity through activation of this pathway, whereas for other PAHs toxicity is independent of AHR activation. For those PAHs that exert toxicity through AHR activation, the signaling network that connects PAH activation to downstream developmental abnormalities remains to be resolved, but toxicity is usually not mediated by CYP1A upregulation; rather, activation of phase I and II metabolism genes is usually protective (25, (68) (69) (70) . Fish-associated bacteria are also capable of degrading oil (71) , possibly contributing an understudied mechanism of PAH metabolism, though whether embryo-associated bacteria have this capacity is unknown.
For juvenile and adult fish, metabolism and excretion of PAHs can be very efficient, but less is known of the metabolic capacity of earlier life stages, such as developing embryos. Maternally loaded transcripts are responsible for the earliest protein expression in the developing embryo, and zygotic gene expression for the most part initiates during the blastula stage [∼4 h postfertilization (hpf ) in zebrafish] (72, 73) . Indirect measurements of xenobiotic metabolism in killifish indicated that, although metabolic capacity is much increased upon hatch, metabolic activity is measurable at every stage following the onset of circulation (74) . Similarly, CYP1A expression may be induced by toxicant exposure as early as 24 hpf in developing zebrafish embryos (75) , which coincides with the onset of circulation. Studies in developing medaka embryos exposed to the model PAH benzo[a]pyrene showed that embryos are capable of PAH metabolism prior to liver development, and metabolites are redistributed and sequestered within yolk, the biliary system, and the gastrointestinal tract throughout development (76) . Though embryos express appropriate metabolic machinery, and metabolites are detected, embryos exhibit little capacity to eliminate parent PAHs or metabolites; rather, upon hatch, and soon after the gastrointestinal tract becomes functional, the PAH metabolites are rapidly excreted (76) .
Embryonic metabolism is thought to play a largely protective role in developing embryos exposed to PAHs. This is different than for dioxins and dioxin-like polychlorinated biphenyls (PCBs), which are excellent activators of AHR signaling but poor substrates for CYP1A-mediated metabolism. For PAHs, activation of these metabolic systems appears protective, insofar as experimental knockdown of CYP1A expression enhances toxicity of crude oil and some individual PAHs (25, 68, 69) (Figure 4) . Furthermore, reduced CYP1A activity may contribute to species differences in early-life sensitivity to the toxic effects of hydrocarbon exposure (42). However, in a few cases, PAH metabolism may enhance toxicity. For pyrene, CYP1A knockdown provides partial protection from pyrene toxicity (25, 77) , indicating that CYP1A-mediated metabolism for this PAH may produce toxic metabolites, and CYP1A-mediated activation of benzo[a]pyrene carcinogenicity is well known (78) .
Multidrug Resistance
Multidrug resistance (MDR; also known as multixenobiotic resistance in aquatic organisms) is due to ABC efflux transporters that remove toxic organic and metal conjugates from inside of cells (79, 80) . MDR is most well known in drug-tolerant cancer cells and is mediated by transmembrane proteins with cytoplasmic ATP-binding domains. In most aquatic organisms, ABCB, ABCC, and ABCG genes are expressed, with p-glycoprotein, MDR-associated protein (MRP), and breast cancer resistance protein being associated with defense to xenobiotics, such as petroleum compounds. For example, PAHs and exposure to oil can induce the upregulation of ABCB and ABCC family genes in killifish, mullet, and Chinese minnows, where there is a simultaneous upregulation of CYP1A1 (81) (82) (83) . In zebrafish embryos, ABCB4 is the major MDR transporter and protects the embryo from several cytotoxic chemicals (84) . During later embryonic development, medaka use MRPs to defend against fractions of oil sands process water (85) .
The phenomenon of chemosensitization is a potential issue associated with MDR. This is when efflux pumps are inhibited or competition occurs with nontoxic substrates such that compounds that would otherwise be effluxed are accumulated (86, 87) ; as such, a nontoxic substrate can make low-level toxic chemicals much more toxic (88) (89) (90) . Although MDR transporters may be protective during low-level oil exposures, the presence of numerous moderately hydrophobic chemicals in the environment may overwhelm efflux, making other compounds (PAH or non-PAH) suddenly toxic.
Evolutionary Responses
Defenses available to embryos, such as efflux and metabolism, may be easily overwhelmed by sufficiently high or persistent exposures to oil. Over multigenerational timescales, natural selection www.annualreviews.org • Petroleum-Derived Pollutants and Fishmay favor genetic variants that exhibit reduced sensitivity to contaminants, sweep these variants to high frequency, and thereby rescue populations from toxicity-mediated decline. The likelihood of evolution as a solution to environmental pollution depends on many aspects of the organism and the pollution exposure scenario (91) . Populations must be sufficiently large to harbor genetic variation that may be adaptive in a recently changed (e.g., polluted) environment. Species with shorter generation times have opportunity to evolve more quickly, which may be especially important when environments are changing quickly. For pollution, which is usually spatially discrete, to be a significant selective force, species must have sufficient site fidelity and low mobility such that exposure is persistent. Similarly, the chemical structure itself must be sufficiently recalcitrant, or be continuously released, and released at high enough concentrations, to pose a persistent and significant selection pressure. Natural selection may enable long-term persistence in the presence of chemicals such as PAHs at concentrations that far exceed short-term defensive capabilities.
Killifish (Fundulus heteroclitus) populations that inhabit sites persistently polluted by PAHs provide an example of evolutionary rescue. Habitats in Virginia, particularly the Elizabeth River (ER), have been persistently polluted with PAHs primarily from creosote (wood treatment industries) for many decades across much of the twentieth century. Total sediment PAH concentrations at particularly polluted sites far exceed those that are normally lethal to developing fish embryos (e.g., high mg/L range) and have remained high for decades since wood treatment operations ended (92) . A complex suite of low-to high-molecular weight PAHs contaminate the ER sites (93), and both high-and low-molecular weight PAHs contribute to the substantial developmental toxicity of ER sediments (94) . Killifish that are resident to ER sites are remarkably resistant to the developmental toxicity of PAHs. ER fish are resistant upon exposure to relatively high-molecular weight PAHs (95) , which coincides with lack of induction of normally AHR-induced transcripts (96, 97) , and thereby suggests adaptation through evolution of desensitized AHR signaling. Though ER fish have not been directly tested for tolerance to low-molecular weight PAHs, ER fish are tolerant to exposures to ER sediments (98-100), which are rich in low-molecular weight PAHs (e.g., phenanthrene): PAHs that appear to exert toxicity through AHR-independent pathways (25) . This suggests that in addition to altered AHR signaling, ER fish must have evolved tolerance through alteration of other pathways. Because disruption of potassium currents and calcium regulation appear to be targets of phenanthrene toxicity, one might predict that potassium and calcium channel variants may have been targets for adaptive evolution in ER fish, thus contributing to a multidimensional adaptive phenotype that is tolerant to a complex mixture of chemicals. Though evolved tolerance to PAH toxicity may rescue populations from decline, such adaptation may be accompanied by trade-offs. For example, evolved PAH-tolerant killifish appear to be associated with decreased resilience to pathogens (101) and hypoxia (100) . Population genomics studies have scanned the genomes of PAH-adapted ER fish to detect footprints of recent strong natural selection (high allele frequency divergence, low nucleotide diversity) (102) . Genes showing such selection signatures include those involved in regulation of AHR signaling, biotransformation genes regulated by AHR, and potassium and calcium channels. Furthermore, genes in pathways that crosstalk with AHR, such as immune system genes and estrogen regulated genes, were also among those under selection. The killifish PAH adaptive genotype is complex and serves to reveal both the key mechanisms of toxicity and the types of genetic variants that may exist within natural populations that confer variable sensitivity to the toxic effects of PAHs.
Though killifish provide an example of evolutionary rescue from PAH pollution, it is unclear whether oil spills may in general provide sufficient selective environments to drive evolutionary adaptation. To act as a selective force, contaminating oil must be present and bioavailable in the environment at sufficiently high concentrations, and for sufficient duration across space and time. For the EVOS, nearly half (46%) of 233 surface water samples collected in herring spawning habitat during herring spawning season were of sufficient concentration to cause developmental cardiotoxicity (12) . Oil sufficient to cause pink salmon embryo mortality persisted for several years in succession (103) , and in some areas oil has persisted relatively unchanged for over a decade (104) . Furthermore, large areas of contiguous coastline were oiled in Prince William Sound (16) . For the Deepwater Horizon spill, despite limited sampling, offshore PAH concentrations were elevated above cardiotoxic levels for nearly one-third of samples collected during the spill (26) , which coincided with spawning for many pelagic species. Nearshore sediment concentrations were sufficiently high to have caused acute cardiotoxicity (105) , and sufficient concentrations likely persisted for much longer than offshore. Indeed, killifish (Fundulus grandis) exposures to sediments from oiled sites collected the year of the spill ( June 2010) and over one year later (August 2011) were sufficient to cause cardiotoxicity in developing embryos (41). Though much habitat was oiled in southern Louisiana marshes, oiling was patchy, such that impacts at the population level may have been less severe than in other oil spills (106) . However, impacts in other habitats, such as the deep ocean, are poorly known. It is clear that oil from accidental spills is often bioavailable at sufficient concentrations to cause cardiotoxicity in resident fish species and may be present across space and time sufficient to exert selective force, but to our knowledge evolutionary responses to oil spills have not been tested.
CONCLUSIONS
Petroleum and its major constituents, PAHs, have very severe effects when fish embryos are exposed to the water-soluble fraction during development. These effects can be classified as early, during cleavage stages (the first hours after fertilization), and late, during cardiogenesis (abnormal heart development) or direct electrical conductivity impacts prior to hatching. The early effects are related to embryonic axis disruption via the Wnt/β-catenin signaling pathway, where moderate levels of PAHs (high μg/L or low mg/L) induce an accumulation of cytoplasmic β-catenin that then moves into nuclei, resulting in hyperdorsalized embryos. At later stages, extremely low levels of PAHs in water (ng/L) can interfere with heart development, including looping of the ventricle as well as tissue changes, and are associated with cardiac edema and arrhythmia. Furthermore, exposure of fish embryos to aqueous PAHs, even after normal heart development has taken place, results in an electrical disruption of myocytes through blockage of the rectifier potassium current and decreased Ca 2+ current and Ca 2+ cycling. Taken together, the effects on cardiogenesis or the direct physiological impacts directly relate to decreased swimming performance, which may affect individual fitness through impacts on prey capture, escape from predators, and migrations at both the juvenile and adult stages.
The effects of PAHs on cardiac development and function are surprising at the extremely low levels observed. For fish embryos developing in shallow or transparent waters, the phototoxicity of PAHs must be considered when considering safe exposure levels. Even when extremely low levels of PAHs (<1 μg/L) are seemingly nontoxic in the absence of UV light, exposure to sunlight can trigger a massive toxic response, as has been observed for Pacific herring (40, 63). Because PAHs are routinely present in urbanized estuaries and coastal regions around the world (e.g., runoff from asphalt, two-stroke outboard engines, bilge water, atmospheric deposition), the risk of phototoxicity from these chemicals may be quite high. Certainly, these sorts of impacts can occur in most urbanized estuaries in the absence of oil spills. It has been suggested that a noeffect concentration has not yet been established for PAH impacts on herring embryos (12) . The developmental effects are actually more sensitive than advanced chemical detection methods for aqueous PAHs, making fish embryos powerful biosensors for PAH pollution. This revelation brings into question chronic impacts on fish populations in many coastal regions where PAHs www.annualreviews.org • Petroleum-Derived Pollutants and Fishfrom urbanization are commonplace. Concentrations of PAHs sufficient to impact individual fitness following oil spills are common and can remain for long periods of time in some habitats. But for evolution to rescue populations from decline requires high levels of genetic diversity and persistent exposure across space and time. Killifish that have evolved tolerance to PAHs have among the highest levels of nucleotide diversity for any vertebrate (107) . To date, evolutionary responses to oil spills have not been well studied.
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